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Mechanical stimuli play a signiﬁcant role in the process of endochondral growth. Thus far, approaches to
understand the endochondral mechanical growth rate have been limited to the use of approximatedKeywords:
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location and geometry of the growth plate. Furthermore, growth has been simulated based on the
average deﬂection of the growth plate or of the femoral neck. It has also been reported in the literature
that the growth plate lies parallel to one of the principal stresses acting on it, to reduce the shear
between epiphysis and diaphysis. Hence the current study objectives were (1) to evaluate the sig-
niﬁcance of a subject-speciﬁc ﬁnite element model of the femur and growth plate compared to a sim-
pliﬁed growth plate model and (2) to explore the different growth direction models to better understand
proximal femoral growth mechanisms. A subject-speciﬁc ﬁnite element model of an able-bodied 7-year
old child was developed. The muscle forces and hip contact force were computed for one gait cycle and
applied to a ﬁnite element model to determine the speciﬁc growth rate. Proximal femoral growth was
simulated for two different growth direction models: femoral neck deﬂection direction and principal
stress direction. The principal stress direction model captured the expected tendency for decreasing the
neck shaft angle and femoral anteversion for both growth plate models. The results of this study suggest
that the subject-speciﬁc geometry and consideration of the principal stress direction as growth direction
may be a more realistic approach for correct prediction of proximal femoral growth morphology.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Longitudinal growth of long bones occurs in the cartilaginous
epiphyseal growth plate (GP), between the epiphysis and dia-
physis. The GP consists of three zones: the reserve zone at the
epiphyseal end, the proliferative zone, and the hypertrophic zone
towards the diaphysis. The reserve zone contains resting chon-
drocytes, which enter into the proliferative zone, divide and
arrange in column-wise orientation. In the hypertrophic zone,
chondrocytes differentiate and enlarge to several times their
original volume. Eventually, the chondrocytes undergo apoptosis,
wherein intracellular calcium concentration increases and
chondrocytes start calciﬁcation in the zone of provisionalLtd. This is an open access article u
lement; FNDD, Femoral neck
, Hip contact force; MF,
A, Neck shaft angle; PSD,
TH, Osquars Backe 18, 10044
-Farewik).calciﬁcation (Rauch, 2005). Growth is directed away from the
proliferative zone, such that calciﬁcation occur towards the dia-
physis (Villemure and Stokes, 2009).
The GP is sensitive to its mechanical load. Carter and Wong
proposed a theory that accounts for 3D stress states (Carter et al.,
1987), stating that endochondral growth and ossiﬁcation are
inhibited by cyclic or intermittent hydrostatic compressive stress
and accelerated by cyclic or intermittent octahedral shear stress.
Stevens et al. (1999) divided the speciﬁc growth rate into biolo-
gical and mechanical growth rates. The biological growth rate
depends on genetics, nutrients and hormones. The mechanical
growth rate is deﬁned by the osteogenic index – a linear combi-
nation of the maximum octahedral shear stress and minimum
hydrostatic stress within the cartilage during a complete loading
cycle (Stevens et al., 1999). Hence, the osteogenic index predicts
increase in mechanical growth rate in regions of high octahedral
shear stress and high tensile hydrostatic stress and decrease in
regions of low octahedral shear stress and high compressive
hydrostatic stress. Positive osteogenic index indicates where
growth is likely to occur and negative osteogenic index indicates
where growth is likely to be inhibited.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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growth. The osteogenic index has been used to analyze the devel-
opment of femur and hip joint morphology in early childhood
(Shefelbine and Carter, 2004a, 2004b; Shefelbine et al., 2002). The
most commonly analyzed femur morphology parameters are neck
shaft angle (NSA) and femoral anteversion (FA). In able-bodied
individuals, FA and NSA are approximately 40° and 150°, respec-
tively, at birth, reducing to 15° and 120°, respectively, at skeletal
maturity (Bobroff et al., 1999; Isaac et al., 1997; Jenkins et al., 2003;
Schneider et al., 1997; Tamari et al., 2005). Carriero et al. (2011)
computed the osteogenic index over the GP surface in order to
analyze how different gait patterns may lead to changes in NSA and
FA over time, with a scaled adult femur and simpliﬁed GP geometry.
However, it has been reported that proximal femoral GP mor-
phology changes with age; it is concave at age 2–3 years,
approximately ﬂat at 5, irregular at 7, and convex at 11–13 years
(Kandzierski et al., 2012). Previous studies have demonstrated that
GP geometry inﬂuences stresses and osteogenic index (Guevara
et al., 2015; Piszczatowski, 2012) and hence will affect the growth.
This growth will further affect the morphological changes in the
GP; the geometry and the growth of the GP are interrelated.
The osteogenic index predicts amount of growth only; in order to
accurately understand the growth trend, the direction of growth is also
required. An experimental study has showed that GP cartilage grows
in the direction of deformation under static load (Arkin and Katz,
1956). All subsequent analyses on bone growth (Carriero et al., 2011;
Shefelbine and Carter, 2004a, 2004b; Shefelbine et al., 2002) have
considered growth direction as an average deﬂection of either the GP
or the femoral neck axis.
Further, the epiphyseal plate has a tendency to lie parallel to
either maximum or minimum principal stress, which minimizes
the shear stress between the epiphysis and diaphysis (Currey,
2002). Smith (1962) reported that the proximal femoral GP tends
to lie parallel to principal tensile stress in the region of principal
compressive stress and vice versa, hence practically free from
shear stresses. Though there is observational evidence available in
literature to support both deformation and principal stress direc-
tion models (Arkin and Katz, 1956; Smith 1962), it is still unclear
whether they will predict similar growth tendencies.
The current study aims to better understand proximal femoral
growth mechanisms by (1) developing a subject-speciﬁc ﬁnite
element (FE) model of the femur and proximal femoral GP to
evaluate its signiﬁcance in growth prediction compared to aFig. 1. Generation of the ﬁnite element model of the femur and GP from the subject's M
femoral head model (trabecular bone), generated from frontal plane MRI data, from t
thickness analysis was performed in 3-matic, which determined the variation in thickn
7 mm, hence the simpliﬁed GP was modeled with a uniform thickness of 7 mm. The sim
region (just below the femoral head) of the subject-speciﬁc femur model. There was n
model's cortical bone, illustrated in orange.simpliﬁed GP model; computed using able-bodied gait loading and
(2) investigating a new growth direction model, the principal
stress direction (PSD) model, and comparing it to the femoral neck
shaft axis deﬂection direction (FNDD) model. This study will help
to elucidate the importance of GP geometry and growth direction
on the prediction of proximal femoral morphology.2. Methods
2.1. Model development
A subject-speciﬁc surface model of the left femur was constructed (Mimics,
Materialise NV, Belgium) using magnetic resonance imaging (MRI) data of an able-
bodied 7-year boy (weight 23.8 kg, height 1.24 m). MRI data was collected at T1
contrast and in a neutral supine position in frontal and transverse directions. Slice
thickness and separation were 3 mm each (Ingenia 3.0 T, Philips, Netherlands). The
subject-speciﬁc GP model was constructed using both frontal and transverse plane
images. The remaining part of the femur was constructed using only transverse
plane images. The modeled GP thickness varied between 5.7 mm and 7.1 mm,
according to the MRIs (Fig. 1). A smoothening tool was used (3-Matic) for proximal
and distal regions of the cortical bone in order to create the better quality mesh.
NSA and FA were measured from the 3D surface model (Fig. 2). NSA was
deﬁned as the angle between neck and femoral shaft axes. FA was measured as the
angle between femoral neck plane and condylar axis plane (Arnold et al., 2001;
Murphy et al., 1987).
For comparison, a simpliﬁed GP geometry was constructed as a disk shape, as
described by Carriero et al. (2011), in the femoral neck region (Fig. 1) with a uni-
form thickness of 7 mm.
A 3D volume was generated from the femur surface model. The femur model
consisted of proximal and distal trabecular bone, bone marrow, cortical bone, and a
proximal GP. A hexahedral dominant mesh was created for the femur model,
consisting of approximately 200,000 elements. The GP and transition zone were
strictly meshed with hexahedral elements of side size 0.8 mm. The materials were
modeled as linear elastic, isotropic and homogeneous (Table 1).
2.2. Loading and boundary conditions
3D gait analysis of the child was performed with an 8-camera motion analysis
system (Vicon MX40, UK) and two force platforms (Kistler, Switzerland). Thirty-ﬁve
9-mm markers were attached to speciﬁc anatomical landmarks using a full-body
model. The subject was encouraged to walk at his normal speed along the 10-m
walkway.
A generic musculoskeletal model (SIMM, Musculographics Inc., CA, USA) was
scaled based on marker positions during a static pose. A deform tool was used to
adjust the NSA, FA and neck length to match the subject's geometry.
Muscle activation patterns for normal gait were estimated by performing
inverse dynamics analysis, followed by static optimization with Hill-type muscle
models and an objective function to minimize the sum of squared muscle stresses.RI data. The GP model was created using the Boolean subtraction of the proximal
he proximal femoral head model, generated from transverse plane MRI data. The
ess of the GP model. The maximum thickness of the GP model was approximately
pliﬁed GP geometry was approximated as a disk-like structure in the femoral neck
o cortical bone observed in the MR images above the region corresponding to the
Fig. 2. Geometrical description and subject measurement of the proximal femoral
morphology: Neck shaft angle (NSA), Femoral anteversion (FA) and Neck Length (NL).
The neck shaft axis was deﬁned as the vector connecting the femoral head center and
the femoral neck base center. The femoral shaft axis was deﬁned as the vector con-
necting the femoral neck base center and the attachment point of the posterior cruciate
ligament (which is easily identiﬁable in 3D model and a reasonable approximation of
knee joint center). The femoral neck planewas deﬁned as the plane containing the neck
shaft axis and the femoral shaft axis. The condylar axis plane was deﬁned as the plane
passing through the femoral neck base center and the attachment point of the posterior
cruciate ligament, parallel to the vector joining the most posterior aspects of the medial
and lateral condyles (Arnold et al., 2001; Murphy et al., 1987). The neck length was
considered as the distance between the center of the femoral head and the intersection
point of neck axis and femoral shaft axis (Park et al., 2014).
Table 1
Material properties used in ﬁnite element analysis of the femur (Carriero et al.,
2011; Goldstein, 1987; Shefelbine et al., 2002). Transition zones were created above
(6 mm) and below (12 mm) the growth plate (Carriero et al., 2011). In the
transition zone, the modulus of elasticity was linearly varied from the growth plate
to the trabecular bone modulus of elasticity. The modulus of elasticity of transition
zone elements adjacent to growth plate was considered as equal to the growth
plate's modulus of elasticity. It has been reported in a previous study that the
length of transition zones has a negligible effect on the stress patterns of the
growth plate surface (Shefelbine, 2002).
Moduli of elasticity (MPa) Poisson's ratio
Cortical bone 20,000 0.3
Bone marrow 1 0.3
Proximal trabecular bone 58 0.3
Distal trabecular bone 2942 0.3
Growth plate 6 0.49
Transition zone 6–58 0.3
Fig. 3. Finite element model. The graph shows the 9 load instances considered for
the analysis; ﬁve load instances corresponded to initial contact, ﬁrst peak, valley
and second peak of the resultant hip contact force (HCF), and initial swing, and the
remaining four load instances were midpoints between those ﬁve. The HCF was
described in the femur coordinate system, as recommended by the International
Society of Biomechanics (Wu et al., 2002). The HCF was distributed over the nodes
on the femoral head surface closest to the force vector's projection. The muscle
forces were applied at the attachment sites in the tendon directions. The femoral
condyles were constrained in all directions. The following muscles were modeled:
gluteus maximus, gluteus medius, gluteus minimus, adductor longus, adductor
magnus, adductor brevis, iliacus, pectineus, piriformis, psoas, quadratus femoris,
gemellus, sartorius, biceps femoris short head, gastrocnemius, tensor fasciae latae,
vastus intermedius, vastus lateralis and vastus medialis.
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a second inverse dynamics analysis to compute the hip contact force (HCF).
In FE analysis, one gait cycle was discretized into nine load instances (Fig. 3).
Muscles attaching to the femur were included. All MFs were applied as con-
centrated forces at nodes located in the approximated centroids of their attach-
ment sites, in the tendon direction. HCF was distributed over the nodes on the
femoral head surface nearest the HCF's line of action. The femur condyles were
constrained in all directions (Fig. 3). FE analysis was performed in commercially-
available software (ANSYS 16.0, PA, USA).
2.3. Growth analysis
Growth rate computation: Speciﬁc growth rate ( _ε) was considered as the sum
of biological ð _ϵbÞ and mechanical ð _ϵmÞ speciﬁc growth rates (Eq. (1)).
_ε ¼ _εbþ _εm ð1Þ
Previous studies report growth rate in the proximal femur of a seven year old
child to be approximately 9 mm/year or 0.8 mm/month (Pritchett, 1992). In the
current study the speciﬁc growth rate due to biological factors was considered to be
0.08 month1 (Supplementary material), as per the observation that bones grow to
approximately 50% to 80% normal size without mechanical loading (Hall and
Herring, 1990; Germiller and Goldstein, 1997). Mechanical speciﬁc growth rate was
estimated as the osteogenic index, Io (Stevens et al., 1999):
_εm  Io ¼ a∙max σSiþb∙min σHi i¼ 1;…:;9 ð2Þ
where i indicates the 9 load instances and σS and σH are the stress invariants
Octahedral shear stress : σS ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ1σ2ð Þ2þ σ2σ3ð Þ2þ σ3σ1ð Þ2
q
3
ð3Þ
Hydrostatic stress : σH ¼
σ1þσ2þσ3
3
ð4Þ
and σ1, σ2 and σ3 are the principal stresses. Stresses σs and σH at the distal GP
surface were determined from FE analysis, and max and min refer to maximum σs
and minimum σH obtained over the nine loading instances. Coefﬁcients a and b
determine the relative inﬂuence of σs and σH on IO. The b/a ratio has been sug-
gested between 0.3 and 1 for prediction of secondary ossiﬁcation center location
and articular cartilage thickness (Carter and Wong, 1988; Wong and Carter, 1990).
Consistent with previous studies, the b/a ratio was chosen as 0.5 (Carriero et al.,
2011; Shefelbine and Carter, 2004a, 2004b) with magnitudes a¼0.02
month1 MPa1 and b¼0.01 month1 MPa1. The constants' magnitudes were
chosen such that the maximum mechanical contribution to the speciﬁc growth rate
was about half of the biological contribution (Shefelbine and Carter, 2004a).
Growth direction computation: Growth was simulated using two different
growth direction models (FNDD and PSD). The FNDD growth direction was con-
sidered as the direction of average deﬂection of the neck shaft axis over the 9 loadinstances, computed as:
G^FNDD 
G
!
FNDD
G
!
FNDD


ð5Þ
The unit vector G^FNDD deﬁnes the growth direction. The G
!
FNDD is the vector
connecting the femoral neck base center O ðxdO ; ydO ; zdO Þ and femoral head center H
ðxdH ; ydH ; zdH Þ and was computed using the deﬂections obtained in FE analysis.
G
!
FNDD ¼ xdO xdH ; ydO ydH ; zdO zdH
  ð6Þ
where
xdO ydO zdO
xdH ydH zdH
" #
¼
xO yO zO
xH yH zH
" #
þ1
9
X9
i ¼ 1
dOx
X9
i ¼ 1
dOy
X9
i ¼ 1
dOz
X9
i ¼ 1
dHx
X9
i ¼ 1
dHy
X9
i ¼ 1
dHz
2
666664
3
777775 ð7Þ
xO; yO; zO
 
and xH ; yH ; zH
 
are the original coordinates of O and H and
dOx ;dOy ; dOz
 
and dHx ; dHy ; dHz
 
are the deﬂections.
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stress magnitude occurring during the load cycle. For each element of the distal GP
surface, the principal stress growth direction was computed as the direction of the
vector
G^PSD 
G
!
PSD
G
!
PSD


ð8Þ
where
G
!
PSD ¼ xp;yp ; zp
D E
ð9Þ
where xp;yp;&zp are directional components of the chosen principal stress (σp)
along the femoral coordinate axes. The σp was selected as
σp ¼max σpi



;

ð10Þ
The distal GP surface elements were “grown” by the growth rate _ε magnitude,
but in the directions described above. The coordinate system was created such that
the x-axis aligned with growth direction. The orthonormal thermal expansion
capabilities of the FE solver were utilized with coefﬁcient of thermal expansion of
1 in the x-direction and 0 in y-and z-directions and _ε as the ‘temperature’ for
expansion. After thermal expansion, the nodal coordinates of the complete femur
model were updated. The material property of the grown GP element layer was
changed to that of the adjacent transition zone. Stress analysis was again per-
formed with the updated model and growth was simulated, iteratively for 4 distal
GP layers. Each layer of thermal expansion represents growth of approximately one
month; approximately four months’ growth was simulated.
Growth changes were predicted for:
1. Simpliﬁed GP geometry and FNDD growth direction
2. Simpliﬁed GP geometry and PSD growth direction
3. Subject-speciﬁc GP geometry and FNDD growth direction
4. Subject-speciﬁc GP geometry and PSD growth directionFig. 4. Hip contact force (HCF) for one gait cycle of the able-bodied child, shown
along the femoral coordinate system. The proximal femoral morphology of the
musculoskeletal model used to compute this HCF was modiﬁed to match the
subject data.
Fig. 5. Maximum octahedral shear stress (MPa), minimum hydrostatic stress (MPa) and
generic growth plate models, determined from the initial ﬁnite element analysis. The gr
coordinate system.2.4. Ethical approval and consent
The study was approved by the regional ethical review board in Stockholm,
Sweden. The participant with his parents provided written informed consent.3. Results
The HCF was dominated by the inferiorly-directed force com-
ponent (Fig. 4). Two peaks were observed in the resultant HCF, at
18% and 50% of the gait cycle.
Maximum σS was observed in the posterior–medial region of
the simpliﬁed GP but in the posterior region of the subject-speciﬁc
GP (Fig. 5). The overall σH distribution in the simpliﬁed GP pro-
gressed from compressive (maximum at medial–posterior region)
to tensile (maximum at lateral–anterior region) in nature along
the surface. However, in the subject-speciﬁc GP, the σH instead
progressed in the radial direction from compression to tension. A
larger area of tensile σH was found in simpliﬁed GP model than in
the subject-speciﬁc GP model. Peak values of σS, σH , and IO were
larger in the simpliﬁed GP.
In the simpliﬁed GP model, highest IO was found in the lateral
region, corresponding to the maximum tensile σH location. In the
subject-speciﬁc GP model, highest IO was observed in the posterior
region corresponding to maximum σS location. In the simpliﬁed
GP, IO was positive in the lateral region but in the subject-speciﬁc
GP, IO was positive nearly everywhere, indicating more predicted
growth in the subject-speciﬁc GP model.
When growth was simulated in the FNDD growth direction in
both GP models, the femoral head center moved anteriorly,
superiorly and medially (Figs. 6 and 7). With the PSD growth
model, the femoral head movement also moved superiorly and
medially, but slightly anteriorly with the simpliﬁed GP and pos-
teriorly for the subject-speciﬁc GP. Femoral head movement was
highest in the medial direction with the PSD growth direction but
in the anterior direction with the FNDD growth direction.
Overall changes in NSA and FA for all model variations were
approximately 0.2° to 0.3° during the approximately 4-month
interval (Table 2). NSA was found decreasing for all model com-
binations. FA tended to increase in the FNDD growth direction but
decrease in the PSD growth direction. Even though the growth
tendency for both GP models was similar for the two considered
growth direction models, the ﬁnal position of the femoral head
center was relatively different.osteogenic index (month1) for the most distal surface of the subject-speciﬁc and
owth plates’ orientation is shown in upper-left corner, corresponding to the femur
Fig. 6. The projection of the femoral neck shaft axis before any growth (Original) and after approximately four months of growth onto the y–z (frontal) plane of the femur
coordinate system. The directions are: (þ)y: superior and (þ)z: medial. The four different variations are shown, corresponding to the growth plate geometry models
(subject-speciﬁc and simpliﬁed), and the growth direction models (PSD: principal stress direction and FNDD: femoral neck shaft axis deﬂection direction). A zoomed-in view
of the right-upper corner of the graph is shown for better clarity and differentiation of the neck shaft axis for different model combinations.
Fig. 7. The projection of the femoral neck shaft axis before any growth (Original) and after approximately four months of growth onto the x–z (transverse) plane of the femur
coordinate system. The directions are: (þ) x: anterior and (þ) z: medial. The four different variations are shown, corresponding to the growth plate geometry models
(subject-speciﬁc and simpliﬁed), and the growth direction models (PSD: principal stress direction and FNDD: femoral neck shaft axis deﬂection direction). A zoomed-in view
of the right-upper corner of the graph is shown for better clarity and differentiation of the neck shaft axis for different model combinations.
Table 2
Change in neck-shaft and femoral anteversion angles for both growth plate geo-
metries (simpliﬁed and subject-speciﬁc) and for both growth directions (femoral
neck shaft axis deﬂection direction and principal stress direction). The neck-shaft
angle change after growth was computed as change in neck shaft axis. Femoral
anteversion angle change was considered as the change in angle of the neck shaft
axis projected onto the transverse plane. Negative values indicate decrease and
positive value indicates increase with respect to the original position.
Growth direction Growth plate
geometry
Change in
neck shaft
angle (deg)
Change in femoral
anteversion (deg)
Femoral neck shaft
axis deﬂection
direction
Simpliﬁed 0.219 0.238
Subject-
speciﬁc
0.209 0.223
Principal stress
direction
Simpliﬁed 0.231 0.341
Subject-
speciﬁc
0.151 0.307
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In the current study, we demonstrate that simulated morpho-
logical changes of the proximal femur during childhood due to the
stresses at the epiphysial hypertrophic zone induced by walking
are sensitive to both GP geometry and growth direction.
GP geometry and location affect stress distribution and thus IO
(Guevara et al., 2015; Piszczatowski, 2012). The subject-speciﬁc GP
was contained within the femoral head, and its geometry was
irregular. The simpliﬁed GP, conversely, was located along the
femoral neck, and was shaped like a disk as per a previous study
(Carriero et al., 2011). Furthermore, in the current study, femur
geometry was subject-speciﬁc whereas pervious models of prox-
imal femoral growth used a scaled adult model. In agreement with
that previous study (Carriero et al., 2011), higher IO was found on
the lateral side than on the medial side, and is likely due to the
P. Yadav et al. / Journal of Biomechanics 49 (2016) 1613–16191618tensile σH in this region of the simpliﬁed GP. The subject-speciﬁc
GP showed highest IO in the posterior region due to highest σS in
that region. Due its different location and shape, the loading
proﬁle on the simpliﬁed GP surface was different, thus affecting
stress invariants and IO distribution. To the best of the authors’
knowledge, this is the ﬁrst study in which subject-speciﬁc femur
and GP was modeled and compared with a simpliﬁed GP model. In
the present study HCF and MF were computed based on subject-
speciﬁc gait data, and the musculoskeletal model was modiﬁed to
match the subject's femur morphology. We thus demonstrate that
use of subject-speciﬁc femur and GP models are important to
predict the growth rate behavior of the bone. Whether the major
differences in IO are due more to GP shape or GP location is
unknown, but likely both.
Carriero et al. (2011) used FNDD to model growth and found a
decrease in NSA and increase in FA, which we corroborated in the
current study with both simpliﬁed and subject-speciﬁc GP geometry.
In the current study, it was found that for all model combinations, the
femoral head center displaced more medially than superiorly, thus
reducing the NSA. It should be noted that the NSA is the angle
between femoral shaft and neck shaft axes, measured in 3D whereas
FA is the angle between the femoral neck shaft axis and the condylar
axis projected on the transverse plane. Thus femoral head displace-
ment in the anterior–posterior direction will also affect the NSA.
In a preliminary study we found that the stress tensor (and
thus PSD) on the GP surface is due much more to the HCF than to
the MF, whereas we found the FNDD to be inﬂuenced by both HCF
and MF (Supplementary material). In the current study, linear
elastic isotropic material properties were used, thus the resulting
stress and strain direction should be the same. The reason that
FNDD was inﬂuenced by both MF and HCF may be due to the
deﬁnition we used – the average of femoral neck shaft axis. The
dependency of FNDD on MF may be the reason that the growth
direction models do not result in identical growth tendency. To the
best of our knowledge, this is the ﬁrst study with a PSD growth
direction model. The PSD model philosophy has some precedent;
orientation of the GP parallel to principal stresses reduces shear
stress across its surfaces (Smith, 1962). The PSD model showed a
tendency to reduce NSA and FA, regardless of GP geometry, due to
the larger femoral head displacement medially than in any other
direction. Analyses of the different GP models, however, produced
different ﬁnal femoral head locations. Thus, a subject-speciﬁc GP
model can be considered an important requirement for predicting
absolute changes in morphology.
When interpreting the results of this study, a number of limita-
tions should be taken into account. The _ε prediction is sensitive to
the relative inﬂuence of biological and mechanical factors. In the
present study, the biological growth rate was assumed to be twice
that of the mechanical growth rate, in agreement with previous
studies (Hall and Herring, 1990; Germiller and Goldstein, 1997)
showing that biological factors induce endochondral ossiﬁcation
more than mechanical factors. It has been reported that mechanical
factors are likely to play a larger role early in development and have
a decreasing inﬂuence on the bone shape closer to skeletal maturity
(Matsuda et al., 1986; Raab et al., 1990; Wallace et al., 2007). A larger
or smaller biological growth component would under- or over-
estimate, respectively, predicted growth and direction. Similarly,
different b/a ratios can change both the nature (promoting/inhibit-
ing) and magnitude of IO, and thus growth rate for the same region
of the GP. An accurate b/a ratio is crucial for accurate prediction of
growth. In the current study b/a ratio was considered as 0.5, which
has been reported to replicate real ossiﬁcation patterns (Wong and
Carter, 1988). This ratio can theoretically be estimated by comparingnumerically-predicted growth to actual growth measured from a
series of medical images over time in growing children.
Growth in the PSD indicated a tendency to reduce NSA and FA,
similar to the expected progression during childhood (Isaac et al.,
1997; Jenkins et al., 2003; Schneider et al., 1997; Tamari et al.,
2005). As we have only considered one subject, caution is
recommended before reaching conclusions on the PSD growth
model validity; further comparisons of growing children over long
durations are required to make ﬁrm conclusions. It is also sug-
gested to study loading during a range of activities.
The linear elastic, isotropic, and homogeneous material model
considered in this analysis may have affected the results, but it has
been reported as adequate for studying the mechanobiology of
cartilage due to physiological load proﬁle (frequency r1 Hz)
(Carter and Wong, 2003; Shefelbine, 2002). Since this study
compares how GP geometry and growth direction affect growth
simulation, the relative behavior of the model, rather than the
precise results, forms the basis for our conclusions.
Another suggestion for further study is to include the tro-
chanter GP, as trochanter location may change both the neck and
femoral shaft axes and hence can affect the computed changes. It
has been reported that the femoral head GP is primarily respon-
sible for the neck length (Serrat et al., 2007) thus inﬂuencing the
femoral head offset. On the other hand, the trochanteric GP is
inﬂuenced by traction forces from the abductors and is likely to
diverge laterally during growth, though we speculate, not far. It
mainly contributes to trochanter development to provide a lever
arm to the abductors (Struijs et al., 2011).
In conclusion, bone growth prediction was found to be sensi-
tive to both GP geometry and growth direction. Gait loading dur-
ing growth tended to reduce NSA and FA in both simpliﬁed and
subject-speciﬁc GP models when growth was simulated in the
direction of principal stress. However the ﬁnal position of the
femoral head center varied between GP models. Use of more
accurate geometry in growth simulation probably approaches
more accurate growth prediction. The PSD growth model may be a
better choice in bone growth simulation than the FNDD model,
though a much larger sample is required to make any ﬁrm con-
clusions. Future work will focus on prediction and validation of
proximal femoral morphology for a larger group of able-bodied
children and for children with neuromuscular disorders affecting
gait. Understanding bone growth tendency and its sensitivity to
different parameters can help in better clinical treatment devel-
opment for children with gait disorders.Conﬂict of interest statement
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